Tau is a microtubule-binding protein that can receive various post-translational modifications (PTMs) including phosphorylation, methylation, acetylation, glycosylation, nitration, sumoylation and truncation. Hyperphosphorylation of tau is linked to its aggregation and the formation of neurofibrillary tangles (NFTs), which are a hallmark of Alzheimer's disease (AD).
Introduction
Alzheimer's disease (AD) is the most common form of neurodegenerative diseases and is characterized pathologically by the presence of both neurofibrillary tangles (NFTs) and senile plaques [1] [2] [3] . While senile plaques are extracellular deposits of amyloid β-peptides [4], neurofibrillary tangles are formed intracellularly and consist of abnormally phosphorylated tau, a microtubule binding protein [5] . Mutations in the genes which affect the levels of amyloid β-peptide, such as APP (amyloid precursor protein), PSEN1 (Presenilin 1) and PSEN2 (Presenilin 2), cause familial AD (fAD) [6, 7] . Sporadic AD (sAD), which accounts for more than 90% of all AD cases, is on the other hand a multifactorial disease likely due to both genetic and environmental risk factors [8] [9] [10] . While sAD usually has a later onset compared to fAD, the disease progresses otherwise in a similar fashion [11, 12] .
Both biomarker and neuropathological data show that tau pathology parallels cognitive dysfunction in AD more closely than amyloid β pathology [13, 14] . In particular, tau NFTs spread in a stereotypical manner throughout the brain, which has been used by Braak and colleagues as a method to differentiate disease stages [15] . In Braak stages I and II, which are very common in the elderly [13] , NFTs are localized to the transentorhinal cortex. In Braak stages III and Braak IV, the limbic regions such as hippocampus are additionally positive for NFTs, and finally, in Braak V and VI, neocortical involvement of NFTs is observed [15, 16] .
While NFT formation is difficult to recapitulate in disease models and its exact cellular mechanisms remain to be further elucidated, it is well established that posttranslational modifications (PTMs) on tau protein have a role in this process [17, 18] . Tau is heavily modified in both health and disease by several different PTMs such as phosphorylation, nitration, glycosylation, methylation, acetylation, sumolyation, ubiquitination and truncation [19, 20] . Among all these different types of modifications, phosphorylation is studied most extensively [21] . Hyperphosphorylated tau molecules are thought to dissociate from microtubules and form detergent-soluble oligomeric structures, which later progress into 4 detergent-insoluble aggregates [22] . The tau oligomer, an intermediate structure formed before the formation of NFTs, is thereby likely responsible for neuronal toxicity [23] [24] [25] . Even tau monomers were recently shown to be capable of adopting a conformation that promotes the seeding and spreading of pathology [26] [27] [28] .
To date, many studies focusing on tau PTMs were carried out either under cell-free conditions, in cultured cell lines or in animal models. These studies provided valuable information on the enzymes such as kinases and phosphatases modifying tau, and on the consequences of these modifications. For example, phosphorylation events at the sites T231, S235, S262, S293, S324, S356 decrease the affinity of tau to microtubules and result in destabilization of the neuronal cytoskeleton [29] [30] [31] , while phosphorylation at C-terminal sites such as S422 promotes tau self-aggregation and can inhibit tau truncation at D421 [32, 33] . Studies using human brains are more limited, but several tau PTMs have been identified in postmortem samples using mass spectrometry and immunohistochemistry approaches, which we summarized previously (www.tauptm.org) [19] . However, most of these studies focus on PTMs present on NFTs, since detergent-soluble, oligomeric tau is more difficult to either discern by immunohistochemistry or to purify for mass spectrometry approaches.
ELISA-based techniques, on the other hand, are quantitative and allow for the detection of tau PTMs in whole tissue lysates [34] . We have previously established a panel of validated tau antibodies covering twenty-five PTM sites [19] , which we here applied to study tau PTMs in aged brains. We studied controls and sporadic AD samples ranging from Braak stage 0 to Braak IV, and brain regions that are sequentially affected by tau pathology in AD: entorhinal cortex, hippocampus and temporal cortex. We furthermore developed an ELISA method to quantify non-monomeric tau species in detergent-soluble extracts and demonstrate that these species increase in all analyzed brain regions at Braak stages III-IV, in parallel with specific alterations in tau PTMs. Importantly, these PTMs were not changed at Braak stage II or in iPSC-derived neurons, where detergent-soluble tau oligomers were also not detected.
The pattern of altered tau PTMs was strikingly similar in all brain regions analyzed, and we 6 signal intensity by the scaled total tau values. Subsequently, we used the generalized logarithm on the log2 scale to put our normalized values on the log2-scale [35] . We then removed all normalized values below 0, which correspond to signal intensities below the background range.
We performed a differential analysis using limma [36, 37] . For this, we created a design matrix that compares the fold change between the AD and Ctrl conditions within each of the tissues. In total, we performed 4 comparisons: EC-Braak-II -EC-Braak-0-I, EC-Braak-III-IV -EC-Braak-0-I, Hip-Braak-III-IV -Hip-Braak-0-I, TC-Braak-III-IV -TC-Braak-0-I. We then ran an "omnibus" test (similar to an ANOVA procedure) testing all four comparisons at once to find a list of candidates that change in at least one condition. We then chose an FDR cutoff of 5% to get a list of candidates. Finally, we performed each individual comparison separately to see which of the candidates show up in the individual data sets.
Tau protein purification
Tau variants (full length protein and a fragment encoding amino acids 256-368) were cloned into the pET19b vector (Novagen) in between the NcoI and BamHI restriction sites. The pET19b-Tau plasmids were transformed into E. coli BL21(DE3) cells (Novagen). Cells were grown in LB supplemented with ampicillin at 37°C until OD600 ∼ 0.6-0.8. The expression of the tau proteins was induced by the addition of 1 mM IPTG. The cells were then grown for an additional 3 h at 37°C and harvested by centrifugation. The cell pellet was resuspended in running buffer (50 mM Na-phosphate pH 7.0, 1 mM EGTA and 1 mM DTT) supplemented with cOmplete protease inhibitors (Roche), benzonase (Merck) and 10 µg/ml lysozyme (Sigma). The cells were lysed by 4 passages through an EmulsiFlex C3 (Avestin). After centrifugation and filtration, the cleared lysates were boiled for 20 min at 100°C. After another centrifugation and filtration step the lysate was then loaded onto a combination of a HiTrap Q and a HiTrap SP column (GE Healthcare) pre-equilibrated with running buffer. After loading the sample, the HiTrap Q column was removed. The HiTrap SP column was washed with running buffer and eluted in a gradient to running buffer containing 300 mM NaCl. The 7 HiTrap SP elution fractions containing the tau proteins were concentrated using a 30 MWCO or 3 MWCO Amicon centrifugal filter unit (Merck) and loaded on a HiLoad 16/600 Superdex 75 pg size exclusion chromatography column (GE Healthcare) equilibrated with running buffer. After SDS-PAGE analysis, the elution fractions with the highest purity were pooled and quantified. The samples were flash-frozen in liquid nitrogen and the aliquots were stored at -80°C.
Tau aggregation assay
Aggregation of tau proteins was evaluated with a thioflavin T assay. Tau protein was thawed and 10 µM of each tau protein were mixed with 20 mM Tris pH 7.5 containing 100 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.03 mg/mL heparin sodium salt and 30 µM thioflavin T.
Aggregation signal was measured every 30 minutes for a time frame of 40 hours using a fluorescence plate reader (450nm Ex /520nm Em ) at 37°C. In parallel, vials containing the same aggregation mix without thioflavin T were incubated at 37°C for indicated time points.
Samples were then flash-frozen in liquid nitrogen before storage at -80°C. These samples were used for electrochemiluminescence analysis as follows: aggregation samples were thawed, sonicated for 30 seconds and diluted in 1X TBS. The samples were either boiled or not boiled in SDS-containing buffer (62.5 mM Tris-HCl pH 6.8, 10% Glycerol, 2 % SDS) for 10 min as indicated, and 100 pg/well of tau aggregation sample were added per well of an MSD Gold Streptavidin small-spot 96 well plate (MesoScale Discovery). ELISA analysis was then performed as described previously [19] .
Generation of hiPSC-derived neurons
Donor information as well as cell line identifiers are summarized in supplementary table S1. iPSC lines Ctrl3, sAD3, fAD1, fAD2, fAD3 and fAD4 were obtained from StemBancc. Ctrl1, Ctrl2, sAD1 and sAD3 were generated using ReproRNA technology (Stem Cell Technologies) and characterized in detail elsewhere [38] . All iPSCs were differentiated into neurons following a cortical neuronal induction protocol [39] μ M ß-mercaptoethanol (Gibco), 2.5 μ g/ ml insulin and 1 mM sodium pyruvate (both Sigma)) , 10 µM SB431542 (Selleckchem) and 1 µM Dorsomorphin (Tocris) and changed for 11 more days on daily basis. On day 12, cells were split using Accutase (Invitrogen) to a density of 220 000 cells/cm 2 in N2B27 Medium containing 10 µM Rock inhibitor and 20 ng/ml FGF2 (Peprotech). The medium was changed every third day without Rock inhibitor. On day 25, cells were split using Accutase to a density of 220 000/cm 2 in final maturation medium containing N2B27 medium with 20 ng/ml BDNF, 10 ng/ml GDNF (both Peprotech), 1 mM dibutyryl-cAMP (Sigma), 200 µM ascorbic acid (Sigma) and 10 µM Rock inhibitor (SelleckChem). The medium was changed every third day without Rock inhibitor until day 60.
Microscopy
iPSC derived neurons were seeded at day 40 in a density of 20 000 cells/well on a 96-well imaging microplate (Greiner) and fluorescent pictures were taken between day 50-60. For imaging, cells were washed once with PBS and fixed with 4% PFA (Fisher Scientific) for 20 min at room temperature. Cells were permeabilized with 0.1% Triton X-100 (Sigma) in PBS for 10 min and blocked with 5% BSA (Sigma) in PBS for 1h RT at room temperature. Primary antibodies were diluted in 5% BSA in PBS and cells were incubated over night at 4°C. The next day, cells were washed 3x with PBS and incubated with secondary antibodies for 1h at room temperature in the dark. Afterwards, cells were washed again 3x with PBS and imaged with an Axio Observer D1 (Zeiss). Antibodies used for microscopy analysis of iPSC-derived neurons are: MAP2 (Biolegend, 822501), GABA (Sigma, A2052), NeuN (Sigma, MAB377), VGlut1 (Thermo Scientific, 48-2400), Tuj1 (Cell Signaling Technologies, 4466), Tbr1 (Abcam, ab183032).
Results
In this study, we used Triton-X100-soluble fractions from entorhinal cortices (EC), hippocampi (Hip) and temporal cortices (TC) from the same patients (Braak stages 0-I and III-IV) to monitor differences in Tau PTMs between brain regions sequentially affected by tauopathy in AD. We additionally analyzed the EC from donors classified as Braak II to investigate whether alterations in Tau PTMs would already be apparent at this stage. All donors were within the same age range (69-96 years, Table 1 ).
To detect changes in tau PTMs quantitatively, we used a previously established electrochemiluminescence ELISA assay, with a validated tau PTM antibody panel [19] , Table   2 ). Briefly, this consists of a sandwich ELISA approach, with PTM-specific tau capture antibodies and Tau12, a total tau antibody, for detection. We quantified a total of twenty-five PTM sites: nitrated tyrosine 18 (nY18) and nitrated tyrosine 29 (nY29), acetylated lysine 280 (acK280), methylated lysine 311 (meK311), caspase cleaved tau at aspartic acid 421 (C3-D421) and twenty phosphorylation sites, including one tyrosine (pY18), five threonine (pT181, pT205, pT212, pT217, pT231) and fourteen serine (pS198, pS199, pS199+202, pS202, pS214, pS235, pS238, pS356, pS396, pS400, pS404, pS409, pS416, pS422) modifications (Table 2) . We further normalized the PTM signals to total tau determined with the Tau5-Tau12 ELISA pair.
Native Braak III-IV, but not Braak II brain extracts show extensive changes in all Tau PTMs analyzed
First we compared donors classified as Braak 0-I to those classified as Braak II, focusing on the EC, since changes are mainly expected in this brain region at very early stages of pathology [13] . While PTMs were present in all samples under investigation ( Fig. 1a and Suppl. Fig 1) , fold changes were small and none of the sites had a p-value below 0.05, thus differences were not considered significant (Fig. 1b) . It is important to note that comparisons across different sites (antibodies) should be avoided due to potential differences in biotinylation efficiencies and binding affinities of the antibodies.
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We therefore moved on to the comparison between Braak stages 0-I and III-IV, where we investigated tau PTMs in the EC, Hip and TC from the same donors. In this analysis, both EC and Hip tissues derived from Braak stages III-IV showed an increase in most phospho-sites, with the exception of pT212, pT217, pS404 and pS409 ( Fig. 2 a and b) . The same set of four phosphorylation events with an additional four sites remained unaltered in Braak III-IV TC, while 12 out of 20 sites were also significantly increased in this tissue (Fig. 2c) . Among the non-phospho PTMs that are part of our panel [19] , only cleavage at D421 was increased in all three brain regions, while nitration at Y18 showed a significant increase in the EC (Suppl. ELISA signals when an assembly containing more than one tau molecule is bound by each capture antibody. We therefore analyzed whether tau oligomeric structures were present in our samples.
Triton-X100-soluble brain fractions contain tau oligomers
For the analysis of tau oligomers in detergent-soluble brain extracts we established an ELISA that uses Tau12 both as the capture and the detection antibody. In monomeric tau, the Tau12 epitope will be blocked upon binding to the capture antibody and, as a consequence, the detection antibody will not be able to bind and no signal will be generated. In contrast, oligomeric tau contains additional, free Tau12 epitopes on other tau molecules in the same oligomeric structure and thus will give a signal.
To test this hypothesis, we performed an in vitro aggregation assay with recombinant tau (2N4R), which was followed by detection with an electrochemiluminescence ELISA using the Tau12-Tau12 pair as described above. In parallel, we performed a ThT assay to monitor the formation of beta-sheet containing structures as a readout for tau aggregation over time.
Since full-length tau aggregation is a slow process in vitro, we added a pre-aggregated recombinant tau fragment encompassing the amino acids 256 to 368 as aggregation seeds [40] . As these seeds do not contain the Tau12 epitope, they should not interfere with the
ELISA-based detection of full-length tau oligomers. As expected, neither buffer nor seeds alone, nor full-length tau without seeds showed any increase in ThT signal over time (Fig.   3a ). In contrast, the incubation of full-length tau with seeds led to a steady increase in signal, reaching a plateau after 10 hours of incubation (Fig 3a) . Next, we performed an electrochemiluminescence ELISA with the Tau12-Tau12 pair to detect oligomers. While we only observed a low baseline signal at the 0 h timepoint, the signal increased 250-fold for aggregated tau at 48 h (Fig 3b) . Interestingly, the signal of tau alone at 48 h also showed an increase, which was not detected by ThT assay. This suggests that compared to the ThT assay, the Tau12-Tau12 ELISA assay is more sensitive and detects additional nonmonomeric tau species that may be either very small or do not contain β -sheet structures.
Importantly, the signals from tau alone and tau with seeds at 48 h were completely abolished when the samples were boiled in SDS-containing buffer, confirming that the Tau12-Tau12
ELISA method can identify non-monomeric detergent-soluble tau species (Fig 3b -Tau alone and Tau + Seed 48h boiled).
Using the same setup, we then determined the presence of tau oligomers in EC tissue from donors classified as Braak stages 0-I or II, and in three different brain regions (EC, Hip, TC) from donors classified as Braak stages 0-I or III-IV (Fig 3c) . While all samples resulted in an ELISA signal, suggesting that tau oligomers are present, we did not detect a difference between Braak stages 0-I and II in the EC (Fig. 3c) . On the other hand, all brain regions analyzed showed an increase in tau oligomerization at Braak stages III-IV (Fig 3c) .
To determine whether these differences are due to different total levels of tau in the detergent-soluble fraction, we next used six different total tau antibodies (HT7, BT2, Tau1, Tau5 and Dako-Tau) raised against different domains of tau as capture antibodies and Tau12 as detection antibody (Fig. 4) . While total tau levels in Braak 0-I and Braak II EC samples did not show any differences (Fig. 4a ), all three brain regions from Braak III-IV donors exhibited an increased signal only with HT7 as capture antibody but not with BT2, Tau1, Tau5 and Dako-Tau antibodies ( Fig. 4b-d) .
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Next, we decided to assess whether boiling in SDS-containing buffer would resolve the higher oligomeric tau structures observed in Braak III-IV samples, similar to what we found for aggregates generated from recombinant tau protein (Fig. 3b) . Indeed, the denaturation treatment abolished the difference in Tau12-Tau12 ELISA signal between Braak 0-I and Braak III-IV samples for all three brain regions (Fig. 5a) . Similarly, also the previously seen difference in HT7-Tau12 signal (Fig. 4) was not observed when boiled Braak 0-I and Braak III-IV EC, Hip and TC tissue samples were compared ( Fig. 5b-d) . Signals for all other total tau antibody combinations stayed similar between Braak stages, suggesting that the differences in Tau12-Tau12 and HT7-Tau12 signal in native samples were a result of tau oligomerization, while the other antibody pairs were not as sensitive to aggregation state.
Furthermore, these findings suggest that overall tau levels were not different between Braak stages in the Triton-soluble extracts.
Five consistently increased Tau PTMs differentiate Braak stages 0-I and III-IV
Since we had detected high levels of tau oligomers in all Braak III-IV samples, we next boiled the lysates with SDS-containing buffer and re-analyzed the PTM levels. Among the PTMs with previously observed increases ( Fig. 2 and Suppl. Fig. 2 ), this treatment dramatically reduced the differences between Braak stages ( Fig. 6 ): In denatured samples, we found that the sites pS198, pS199, pT231, pS416 were significantly higher in the EC of Braak III-IV compared to Braak 0-I samples (Fig. 6a, b) , in Hip tissue pY18, pS198, pS199, pT231, pS400, pS416 and pS422 were significantly increased at Braak stages III-IV (Fig 6c, d ), and in TC sites pS199 and pS416 were elevated in Braak III-IV compared to Braak 0-I donors (Fig 6e, f) . Since there was a lot of overlap with regards to which PTMs were dysregulated in the different tissues, we next generated a linear model that takes changes in tau PTMs in four sample types into account: EC from Braak stage II, as well as EC, Hip and TC from Braak stages III-IV, in comparison to their respective Braak 0-I controls. This comparison revealed the sites pS198, pS199, pT231, pS416 and pS422 to be significantly (adj. p-value < 0.01) increased over control in our cohort (Table 3) . To this end, we generated cortical neurons from three control iPSC lines, three sporadic AD (sAD) and four familial AD (fAD) iPSC lines, each from a different donor fibroblast culture (Supplementary Table 1 and Supplementary Fig. 3 ). From each line, we performed at least two independent differentiation rounds to assess variability. As our first readout, we checked whether tau oligomers were present in sAD or fAD cells. Using the Tau12-Tau12 ELISA assay, we did not observe a consistent signal for any of the lines, and no change in signal was observed when lysates were boiled in SDS-containing buffer (Fig. 7a ). This is in agreement with previous reports showing that the iPSC-derived neurons do not contain any forms of oligomeric or aggregated tau in the absence of additional triggers such as tau mutations, overexpression or seeding [44, 45] . Similarly, no significant differences were observed between control, sAD and fAD lines when comparing the levels of pS198, pS199, pT231 and pS416, four sites that were significantly increased in brain tissues from Braak III-IV donors (Fig. 7b ). Taken together, these findings suggest that the generation of iPSCderived neurons with a cortical identity is not sufficient to consistently recapitulate changes in tau oligomerization and PTM status that is observed in post-mortem patient tissues.
Three PTMs correlate with tau oligomerization in all brain regions analyzed
Tau hyperphosphorylation increases its aggregation propensity in vitro [46, 47] , and PHF-tau isolated from AD patient brains is heavily phosphorylated [48] . However, it remains unclear
whether aggregation in vivo is driven by an increase in specific PTMs on soluble tau. We therefore next tested whether the changes in tau PTMs observed in Braak III-IV brain tissues correlate with tau oligomerization. To this end, we performed a Spearman correlation analysis between the oligomerization state of tau obtained by Tau12-Tau12 assay and fold changes of all PTM sites for each individual denatured sample (Table 4) . Multiple sites showed a strong (r > 0.5) and significant (p < 0.05) correlation: In the EC, phosphorylation events at sites S198, S199, T231 and S416 correlated with oligomerization. For Hip, pY18, pS198, pS199, pS202, pT205, pS238, pS396, pS400, pS416 and pS422 showed a positive correlation with tau oligomerization, while an inverse correlation was observed for pS214.
Lastly, for TC, the sites pT181, pS198, pS199, pT231, pS416 correlated with tau oligomerization (Table 4) .
Among these sites, pS198, pS199 and pS416 correlated with tau oligomerization in all brain regions analyzed (Table 4 and Fig. 8 ). Interestingly, these sites also emerged as significantly increased in our analysis of PTM level differences (Table 3) . pT231 levels, which were also increased in all Braak III-IV brain tissues, correlate with oligomerization in both EC and TC, while the correlation does not reach statistical significance in Hip (Table 4 ). These findings suggest that three specific PTM sites are not only increased at early Braak stages, but their presence also strongly correlates with the formation of soluble tau oligomers, a marker of tau toxicity in AD.
Discussion
While tau dysfunction and toxicity has been linked to the formation of soluble oligomeric structures, these early intermediates are difficult to study in complex samples such as human brain. Therefore, much is known about PTMs and in particular tau phosphorylation on NFTs, but it is unclear whether the same sites are already differentially modified on soluble tau before aggregation. In this study we present a systematic analysis of PTM changes on soluble tau during early AD from human brain samples. While total tau levels are comparable Since AT8 staining in the EC is a defining feature already at Braak II, this suggests that tau pathology still increases in this brain region with disease progression.
Although most individuals at Braak III-IV are still clinically asymptomatic, we find biochemical manifestations of AD such as tau oligomerization and increased phosphorylation even in the TC, which at this stage is largely AT8 negative. Importantly, we define a signature of three tau PTMs that is consistently increased and associated with oligomerization throughout the EC, Hip and TC. Among the sites we identified, only pT231 has been previously linked to pre-tangle structures and was found increased at Braak stages corresponding to early disease (III-IV) [49, 51] . However, these studies were performed with a smaller antibody panel and by immunostaining, which is inherently less quantitative than ELISA. Furthermore, With the advent of more complex culture systems such as 3D and co-culture models, it remains to be seen if iPSC technology can yield more robust phenotypes for sporadic and age-dependent disease in the future. 
